. Both Lc COX2 and Lc ALOX-5 expression in the liver tissue were elevated in response to increasing dietary ARA, meanwhile expression levels of Lc COX2 and the mitochondrial fatty acid oxidation gene carnitine palmitoyltransferase 1 (Lc CPT1a) were elevated in the kidney. A low level of EPA increased the expression of Lc COX1b in the liver. Consideration should be given to the EPA to ARA balance for juvenile barramundi in light of nutritionally inducible nature of the cyclooxygenase and lipoxygenase enzymes.
Introduction
Eicosapentaenoic acid (EPA; 20:5n-3) and arachidonic acid (ARA; 20:4n-6) are important for many metabolic and physiological functions, and are precursor molecules for Abstract A two part experiment was conducted to assess the response of barramundi (Lates calcarifer; initial weight = 10.3 ± 0.03 g; mean ± S.D.) fed one of five diets with varying eicosapentaenoic acid (diets 1, 5, 10, 15 and 20 g/kg) or one of four diets with varying arachidonic acid (1, 6, 12, 18 g/kg) against a fish oil control diet. After 6 weeks of feeding, the addition of EPA or ARA did not impact on growth performance or feed utilisation. Analysis of the whole body fatty acids showed that these reflected those of the diets. The ARA retention demonstrated an inversely related curvilinear response to either EPA or ARA. The calculated marginal utilisation efficiencies of EPA and ARA were high (62.1 and 91.9 % respectively) and a dietary ARA requirement was defined (0.012 g/kg 0.796 /day). The partial cDNA sequences of genes regulating eicosanoid biosynthesis were identified in barramundi tissues, namely cyclooxygenase 1 (Lc COX1a, Lc COX1b), cyclooxygenase 2 (Lc COX2) and lipoxygenase the production of eicosanoid hormones that play a role in the inflammatory response, immune function and regulation as well as ionic regulation and reproduction in fish and mammals [1] . In humans, the incidence of diseases involving inflammatory processes can be related to the production of these eicosanoids, for example prostaglandin E2 (PGE 2 ) and leukotriene B4 (LTB 4 ) that are derived from high cellular concentrations of ARA [2] . The cyclooxygenase (COX; prostaglandin G/H synthase) and lipoxygenase (LOX; arachidonate 5-lipoxygenase) enzymes interact and compete for the EPA and ARA substrates and as such the eicosanoids produced are determined by their availability [3, 4] .
The COX enzyme catalyses 20-carbon chain fatty acids (ARA or EPA) through bis-dioxygenation and subsequent reduction to produce 2-and 3-series prostaglandins (PGG 2/3 and PGH 2/3 ) that are substrates for the synthesis of biologically active prostaglandins, prostacyclins and thromboxanes [1, 4, 5] . While the LOX enzyme catalyses the same substrates to yield biologically active metabolites of hydroperoxy-eicosatetraenoic acid (HPETE), such as leukotrienes and lipoxins [1, 6] . Unlike most vertebrates, the COX enzyme system in teleost fish is complicated by an evolutionary duplication event that led to alternative chromosomal regions of COX genes, often identified as 'a and b' isoforms of either the COX-1 or -2 series, but rarely both [7, 8] . There is also an accepted paradigm that COX-1 is constitutively expressed whereas COX-2 is inducible, however this is now widely considered as an oversimplified view [5, 9, 10] .
In many fish species, EPA and ARA are required for important metabolic and physiological functions, and the optimal as well as dietary requirements are well understood [11] [12] [13] . The consumption of diets rich in oils that contain eicosanoid inhibiting or regulating substrates (Eg. EPA, 20:4n-3, 18:4n-3) can have significant downstream modulatory effects on the fish [14] . However, without discounting the importance of ARA, there is great potential for this fatty acid to affect growth, stress response, immune response and survival, particularly at early life stages [12, [15] [16] [17] [18] .
Information on the EPA and ARA requirements in the barramundi or Asian seabass (Lates calcarifer) are scarce. In the only study available thus far, a single diet with a higher inclusion of ARA in the absence of EPA showed negative effects on fish health, including disproportionate tissue LC-PUFA retention and pathophysiological effects such as subcutaneous haemorrhaging and disrupted ionic regulation [19] . There is evidence to suggest that wild barramundi (either from fresh or salt water) can contain ARA levels more than fivefold higher than EPA in their tissues [20] . The increasing use of alternative oils in farmed fish, often containing high levels of omega 6 fatty acids which can act as ARA precursors (e.g., soybean oil, sunflower oil), and simultaneous reduction of dietary fish oil, may impact the final ARA/EPA ratio in fish tissues, with possible resulting issues associated with modified lipid metabolism [21] .
Based on these previous observations, the present study hypothesised that increasing the dietary inclusion level of EPA or ARA independently may lead to improvements in growth performance, feed conversion and also the utilisation efficiency of supplied EPA and ARA. Therefore, a two part, dose-response experimental design was used to determine the effect of increasing the dietary EPA or ARA. To achieve this, commercial preparations of an EPA rich fish oil and an ARA rich fungal oil were incrementally added to a series of barramundi diets. It was also hypothesised that high levels of ARA may alter the transcription of nutritionally inducible genes involved in eicosanoid synthesis. The identification of COX and LOX genes involved in eicosanoid metabolism was a secondary objective of the present study as they have not previously been identified in barramundi, and no information is available on their nutritional regulation.
Materials and Methods

INGREDIENT and Diet Preparation
The ingredients and diets were prepared following manufacturing methods previously described in detail in Salini et al. [22] . Briefly, a single basal diet was formulated with dry ingredients (<750 µm) and prepared without the addition of dietary oils (lipids). Fish meal was defatted prior to use by manually mixing n-hexane and fish meal (2:1 by vol) in a large drum. The mix was left to soak for 3 h before draining the excess hexane and repeating the process a second time. The fish meal was oven dried overnight at 60 °C to a constant dry matter. The chemical composition of the main dietary ingredients is presented in Table 1 . The prepared mash was extruded through a 2 mm die and pellets were dried overnight. Five treatments (EPA 1, EPA 5, EPA 10, EPA 15 and EPA 20) were generated with the addition of lipid (8.2 % diet) with increasing eicosapentaenoic acid (added via; Incromega™ TG500, CRODA, United Kingdom) and four treatments (ARA 1, ARA 6, ARA 12 and ARA 18) were formulated with increasing arachidonic acid (added via; ARASCO ® , Martek Biosciences, USA). These diets were formulated to include a range of each test ingredient based on the known optimal DHA requirement of ~10 g/kg and total LC-PUFA requirement of around 20 g/kg in this species [19] . Other lipid sources were used to balance the formulation in order to maintain constant levels of DHA and also to minimise any bias across the diet range. A diet containing only fish oil was used as a unique control for both experiments (FO CTRL). Yttrium oxide was included at 1 g/kg in all diets as an inert marker for digestibility assessment. The diets were stored at −20 °C until required. The formulation and chemical composition of the ten diets are presented in Table 2 .
Barramundi Husbandry and Growth
Juvenile barramundi were sourced from the Betta Barra fish hatchery (Atherton, QLD, Australia), on-grown in a 10,000-L tank and fed a commercial diet (Marine Float; Ridley Aquafeed, Narangba, QLD, Australia). Prior to commencement of the experiment the fish were transferred to a series of experimental tanks (1000 L) with flowthrough seawater (salinity = 38 PSU; dissolved oxygen 5.4 ± 0.01 mg/L) of 28.9 ± 0.01 °C (mean ± SD) at a flow rate of about 3 L/min being supplied to each of the tanks. At the beginning of the experiment, each of the tanks held 30 fish of 10.3 ± 0.1 g (mean ± SD, n = 900 individually weighed fish). The two experiments were nested within one and conducted simultaneously utilising a common control diet for both experiments. The ten experimental diets were therefore randomly distributed amongst thirty tanks with each treatment having three replicate tanks. The fish were restrictively fed a sub-satietal (approximately 80 %) pairfeeding regime in order to avoid the potentially confounding issue of unregulated feed intake [23] .
Ethical Statement, Sample Collection and Preparation
Ethical clearance was approved (Approval A05/2014) for the experimental procedures by the CSIRO animal ethics committee. Six fish of similar size from the original stock were euthanised by an overdose of AQUI-S™ (Lower Hutt, New Zealand) at the beginning of the experiment and stored at −20 °C until analysis. A further three fish from each treatment were euthanised upon termination of the experiment and they were frozen at −20 °C until analysis. An additional three fish from each replicate tank were euthanised and a sample of liver and head kidney tissue for molecular analysis was removed. Only the control treatment, EPA 1, EPA 20, ARA 1, ARA 18 and FO CTRL treatments were used in the molecular analysis. We anticipated relatively minor changes in gene expression and therefore omitted the remaining treatments from analysis. Samples were placed into 1.5 mL screw-top vials and kept on dry ice before being transferred to a −80 °C freezer until analysis. Upon termination of the growth assay, faeces were collected from the remaining fish using established abdominal stripping protocols. Briefly, all fish were netted from their tank and sedated in a smaller tank. Faeces were collected by applying gentle pressure to the distal intestine while care was taken by the operator to avoid contamination. A pooled sample was collected from each tank in small plastic vials kept on ice before transfer to a freezer (−20 °C). All sampling procedures occurred 24 h after feeding in the post-absorptive phase [24] .
Chemical Analysis
Prior to analysis the diets were each ground to a fine powder using a bench grinder (KnifeTec™ 1095, FOSS, Denmark). The initial and final fish were processed using the following method. The frozen whole fish were passed through a commercial meat mincer (MGT -012, Taiwan) twice to obtain a homogeneous mixture. A sample was taken for dry matter analysis and another sample was freeze-dried along with the faecal samples until no further loss of moisture was observed (Alpha 1-4, Martin Christ, Germany). Dry matter was calculated by gravimetric analysis following oven drying at 105 °C for 24 h. Crude protein was calculated after the determination of total nitrogen by organic elemental analysis (CHNS-O Flash 2000, Thermo Scientific, USA), based on N × 6.25. Total lipid content was determined gravimetrically following extraction of the lipids using chloroform/methanol (2:1, by vol) following Folch et al. [25] . Gross ash content was determined gravimetrically following loss of mass after combustion of a sample in a muffle furnace at 550 °C for 24 h. Gross energy was determined by adiabatic bomb calorimetry (Parr 6200 Calorimeter, USA). Total yttrium concentrations in the diets and faeces were determined after nitric acid digestion in a laboratory microwave digester (Ethos One, Milestone, Italy) using inductively coupled plasma-mass spectrophotometry (ICP-MS) (ELAN DRC II, Perkin Elmer, USA). Fatty acid composition was determined following the methods of Christie [26] . Lipids were esterified by an acid-catalysed methylation and 0.3 mg of an internal standard was added to each sample (21:0 Supelco, PA, USA). The fatty acids were identified relative to the internal standard following separation by gas chromatography (GC). An Agilent Technologies 6890 N GC system (Agilent Technologies, California, USA) fitted with a DB-23 (60 m × 0.25 mm × 0.15 μm, cat 122-2361 Agilent Technologies, California) capillary column and flame ionisation detection was used. The temperature program was 50-175 °C at 25 °C/min then 175-230 °C at 2.5 °C/ min. The injector and detector temperatures were set at 250 and 320 °C, respectively. The column head pressure was set to constant pressure mode at 170 kPa using hydrogen as the carrier gas. The peaks were identified by comparing retention times to the internal standard and further referenced against known standards (37 Comp. FAME mix, Supelco, PA, USA). The resulting peaks were then corrected by the theoretical relative FID response factors [27] and quantified relative to the internal standard.
Cloning of Putative Prostaglandin G/H Synthase (COX) and Arachidonate 5-Lipoxygenase (LOX) Genes
Sequences of the prostaglandin G/H synthase and arachidonate 5-lipoxygenase (COX1a, COX1b, COX2 and ALOX-5) genes from several teleost species were identified in the Genbank database. Highly conserved regions from protein alignments across species were used to design pairs of degenerate primers that were subsequently synthesised by Sigma-Aldrich (Table 3) . Pooled barramundi liver cDNA (1000 ng) was amplified in reactions, with each degenerate primer pair (F and R; 10 μm) using platinum TAQ mix (Thermofisher). Polymerase chain reaction (PCR) conditions including an initial denaturation step at 90 °C for 2 min followed by 35 cycles of 94 °C/10 s, 50 °C/30 s (50 % ramp speed) and 72 °C/30 s with a final extension step of 72 °C/5 min were used. The amplification products were separated by size using electrophoresis on a 1 % agarose gel and then excised and extracted using the QIA quick gel extraction kit (QIAGEN). The target was then ligated using the pGEM-T Easy vector system (Promega). Ligation reactions were then transformed onto One Shot TOP10 chemically competent Escherichia coli cells (Thermofisher) which were then cultured overnight on LB ampicillin plates (100 μg/mL). Positive clones were selected by PCR amplification with primers flanking the multiple cloning site (M13F and M13R), using an initial denaturation step at 94 °C/5 min followed by 35 cycles of 94 °C/20 s, 55 °C/30 S, 72 °C/1.5 min with a final extension step of 72 °C/5 min. Randomly selected positive clones were prepared for sequencing with a QIAprep Miniprep kit (QIA-GEN) and then the plasmid insert was sequenced using the BigDye ® Terminator V3.1 sequencing kit (Applied Biosystems) with an ABI 3130 Automated Capillary DNA Sequencer (Applied Biosystems).
Sequencing Analysis
Multiple alignments of the target genes (Lc COX-1a, Lc COX-1b, Lc COX-2 and Lc ALOX-5) were made using the CLC Genomics Workbench software (CLC Bio, Aarhus,
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Denmark). The ORF and amino sequence alignment and analysis were conducted using the Create Alignment tool, and confirmed as the target gene sequence using the BLASTX algorithm (http://blast.ncbi.nlm.nih.gov/Blast. cgi). Sequence analysis of the previously unreported L. calcarifer COX and LOX genes identified expressed sequence tags (EST) of between 752 and 999 base pairs, open reading frame protein alignments showed similarity with other teleost fish (not presented).
RNA Extraction, cDNA Synthesis and Quantitative Real-Time RT-PCR
Total RNA was extracted from the livers and kidneys of fish from the EPA 1, EPA 20, ARA 1 and ARA 18 and FO CTRL treatments using TRIzol ® reagent (Invitrogen) according to the manufacturer's instructions. Only the two extreme dietary treatments of each experiment were used in this analysis as it was anticipated that only minor differences in gene expression would be observed. RNA extraction and cDNA synthesis were performed following previously reported methods from the same laboratory [24, 28] . Real-time PCR primers specific to each target gene (Table 3) were designed using PerlPrimer v.1.1.17 [29] . Quantitative real-time RT-PCR was performed using 2X SYBR Green PCR master mix (Applied Biosystems), 0.2 μm RT-PCR primers for each gene and the equivalent of 7.5 ng of reverse transcribed RNA following previously reported cycling and processing conditions from the same laboratory [24, 28] . Changes in expression levels were normalised for each gene to the endogenous reference gene elongation factor 1 alpha (EF1α) and the exogenous reference gene Luciferase then data were presented as relative to the FO CTRL treatment. The variation in amplification across all samples was very small, 0.57 cycles and 0.40 cycles for EF1α and Luciferase, respectively. The EF1α and Luciferase genes have been routinely used as a reference in this species [24, 30] . 
Calculations and Statistical Analysis
Differences in the ratio of dry matter, protein, lipid and energy to yttrium in the diet and faeces were calculated to determine the apparent digestibility coefficients (ADC) following Maynard and Loosli [31] using the formula:
where Y diet and Y faeces are the yttrium content in the diet and faeces respectively and Parameter faeces and Parameter diet are the nutritional parameter of concern in the diet and faeces respectively. Nutrient retention efficiencies were calculated as the ratio of the nutrient or specific fatty acid gained relative to their respective consumption during the study period following Maynard and Loosli [31] using the formula:
where N f and N i are the nutrient composition in the final and initial fish (g/fish) on a live-basis and N c is the amount of the nutrient consumed (g/fish) during the study period.
To provide a size independent function for the calculation of maintenance demands and utilisation efficiencies of specific fatty acids, modelling of the specific fatty acid retention efficiency data was initially carried out (unpublished data). Live-weight exponents of 0.687 and 0.796 were recorded for EPA (20:5n-3) and ARA (20:4n-6) respectively as size independent functions for the determination of maintenance demands in barramundi. Utilisation efficiencies were then determined from the regression of marginal fatty acid intake against marginal fatty acid gain on a transformed live-weight basis and then the maintenance requirements were determined by extrapolation of the linear equation to zero (0 = b(x) + a) following Salini et al. [22] 
All data are expressed as means with pooled standard error means unless otherwise specified. All data were checked for normal distribution and homogeneity of variance by qualitative assessment of residual and normal Q-Q plots. Growth performance data were analysed using polynomial contrasts and all other data were analysed by one-way ANOVA. Gene expression data were analysed by student's t test. Levels of significance were compared using Tukey's HSD a posteriori test. The RStudio package v.0.98.501was used for all statistical analyses [32] . Any percentage data were arcsine transformed prior to analysis. Significance among the treatments defined as P < 0.05.
Results
Growth Performance and Feed Utilisation
The results of the 42 days growth assay demonstrated that the barramundi responded well to the experimental diets in both experiments exceeding over 400 % of their original weight at a rate of more than 1 g/day. The growth parameters for each experiment were analysed separately using polynomial contrasts (Tables 4, 5 ). When the fish were fed increasing EPA there were no significant contrasts in any of the growth parameters (Table 4) . Similarly, the barramundi did not show any significant contrasts in response to the increasing ARA in the second experiment ( Table 5 ). The only exception being a slight improvement in feed conversion with the addition of ARA, however the numerical differences were minor. Survival was similar among all of the treatments. Several moribund fish were removed from the system after a weight check at day 28. These fish were considered non-contributing as they had not consumed any feed. Additionally, the growth performance of the fish fed different EPA and ARA treatments were compared by oneway ANOVA against the control. There were no significant 
Digestibility Analysis of the Diets
While no differences were recorded in the digestibility of dry matter, protein or energy across the treatments, the digestibility of lipid was significantly higher in the control (FO CTRL) fed fish compared to the EPA 1, EPA 10 and ARA 1 fed fish (Table 6 ). There was significantly higher digestibility of 18:0 in the EPA 1 fish compared to the EPA 10, EPA 20 and ARA 18 fish. The digestibility of 18:1 was significantly higher in the EPA 10, EPA 20 and ARA 18 fish compared to the FO CTRL fish. Similarly there was a significantly higher digestibility of 18:2n-6 in the EPA 20 fish compared to the FO CTRL fish. EPA digestibility was significantly higher in the EPA 20 fish compared to the ARA 1 and FO CTRL fish. The combined SFA digestibility was significantly highest in the EPA 1 fish compared to the EPA 20 and ARA 18 fish. There was a significantly higher digestibility of MUFA in the ARA 20 fish compared to the FO CTRL fish. C 18 PUFA digestibility was significantly highest in the EPA 1 and EPA 20 compared to the FO CTRL fish. The digestibility of LC-PUFA was significantly highest in the EPA 1, EPA 10 and EPA 20 fish compared to the ARA 1 fish. 
Whole-Body Composition
When compared against the control (FO CTRL), there were significant differences in whole body composition for many parameters (Table 7) . Whole body dry matter was significantly higher in the EPA 20 and FO CTRL fish compared to the EPA 1 fish. The lipid composition was significantly higher in the FO CTRL fish compared to all the other fish groups with the only exception being the ARA 18 fish. While the energy composition was lowest in the EPA 1 fish compared to all the other fish groups with the only exception being the ARA 1 fish. There was a significantly higher 16:0 composition in the FO CTRL fish compared to the EPA 10 and EPA 20 while the ARA 18 fish had the lowest 16:0 composition. The 18:0 composition was significantly higher in the EPA 1, EPA 10 and ARA 18 fish compared to the EPA 20 fish. The 18:1 composition was significantly highest in the EPA 1 and ARA 1 fish followed by the EPA 10 fish then followed by the EPA 20 and ARA 18 fish, with the lowest value recorded in the FO CTRL fish. As expected, there was a significant elevation of ARA (20:4n-6) in the ARA 18 fed fish. Similarly, the EPA (20:5n-3) composition was significantly increased with increasing dietary EPA while the FO CTRL fish had a significantly higher composition of EPA than the ARA 1 and ARA 18 fish. The DHA (22:6n-3) body composition was significantly highest in the FO CTRL fed fish. There was also a significant increase in the EPA/ARA ratio in the EPA fed fish with the EPA 10 equivalent to the FO CTRL fish, while there was a significant decrease in the EPA/ARA ratio from the ARA 1 and ARA 18 fish.
Fatty Acid Retention Efficiency
The retention efficiency of each fatty acid in the control fed fish (FO CTRL) did not differ from the fish fed either increasing EPA or ARA (Fig. 1a-j) . There was a concave quadratic effect of increasing EPA, rising to a plateau at 94.9 % retention of 20:4n-6 ( Fig. 1c ; Table 8 ). There was a convex quadratic effect of increasing ARA, falling to a nadir at 68.8 % on the retention efficiency of 20:4n-6 ( Fig. 1h ; Table 8 ).There was a significant quadratic effect on 20:5n-3 retention in response to increasing dietary EPA diets with values ranging between 55.6 and 71.2 %; whereas increasing ARA had no effect on 20:5n-3 retention ( Fig. 1d, i ; Table 8 ). with values ranging between 83.8 and 109.3 % (Fig. 1e, j ; Table 8 ).
Marginal Utilisation Efficiencies
The marginal utilisation efficiencies are presented for both EPA and ARA fed fish (Fig. 2a, b respectively) . Based on the linear assessment of marginal EPA intake against marginal EPA gained, a significant difference was observed (P < 0.01). The positive y intercept value indicates that no maintenance demand could be established for 20:5n-3. Using the live-weight exponent value of 0.687 the EPA fed fish had a 20:5n-3 utilisation efficiency of 62.1 % described by the linear equation of y = 0.621x + 0.0003, R 2 = 0.975 (Fig. 2a) . Similarly, there was a significant linear relationship of marginal ARA intake against marginal ARA gain (P < 0.05). The negative y intercept value suggests that a maintenance value of around 0.012 g/kg 0.796 / day could be determined for 20:4n-6. Using the live-weight exponent of 0.796 the ARA fed fish had a 20:4n-6 utilisation efficiency of 91.9 % described by the linear equation of y = 0.919x − 0.011, R 2 = 0.965 (Fig. 2b) . A summary of the maintenance demand and utilisation efficiencies is presented in Table 9 .
Gene Identification and Quantitative Expression
Partial cDNA sequences of Lc COX1a, Lc COX1b, Lc COX2 and Lc ALOX-5 were identified through degenerate PCR. BLAST similarity searches showed that barramundi gene orthologs shared between 88 and 91 % similarity with other teleost fish at the amino acid level, and protein alignments showed similarity with other teleost fish (not presented). The expression of eicosanoid pathway genes (Lc COX1a, Lc COX1b, Lc COX2 and Lc ALOX-5), as well as the mitochondrial ß-oxidation gene (Lc CPT1a) were analysed by quantitative real-time RT-PCR in the liver and kidney of fish fed the highest and lowest EPA and ARA diets and expressed relative to the control fed fish.
The expression of Lc COX1b was significantly upregulated in the liver of the EPA 1 fed fish compared the EPA 20 fed fish. (Figure 3a) . No other genes were nutritionally regulated in the liver or kidney tissue of fish fed increasing EPA. In the case of the ARA fed fish, the expression of Lc COX2 was significantly upregulated in the liver of the ARA 20 fish compared to the ARA 1 fish (Fig. 4a) . Similarly, the expression of Lc ALOX-5 in the liver was significantly upregulated in the ARA 20 fish compared to the ARA 1 fish (Fig. 4a) . There was a significant down regulation of the Lc COX1b in the kidney of the ARA 1 fish compared to the ARA 20 fish. The expression of Lc COX2 was significantly upregulated in the kidney of the ARA 18 fish compared to the ARA 1 fish. The Lc CPT1a expression in the kidney tissue was significantly downregulated in the ARA 1 compared to the ARA 18 fish (Fig. 4b) .
Discussion
The growth performance of juvenile barramundi in the present study, using a pair-fed feeding regime, was not affected by increasing dietary EPA or ARA content. Moreover, there were no significant differences in growth performance compared to a control diet containing only fish oil. Although it is an unlikely real-world scenario to include high levels of any one LC-PUFA, these observations and those of a previous study [19] , confirm that there are no growth stimulatory effects owing to any individual LC-PUFA in juvenile barramundi. In many species, EPA can exert cardio-protective benefits such as lowering triglycerides and low-density lipoprotein levels [33, 34] . Whereas ARA on the other hand, is an essential and necessary precursor to the 2-and 4-series eicosanoids that mediate homeostasis during times of environmental or physiological stress [12] .
Studies examining the dose-response of EPA in juvenile or growing fish are relatively scarce and mostly concentrate on larval fish requirements [13] . Consistent with ◂ the present study, several studies in larval and juvenile fish such as the Atlantic salmon Salmo salar [35] , cobia Rachycentron canadum [36] , gilthead sea bream Sparus aurata [16] , Senegalese sole Solea senegalensis [37] , striped jack Pseudocaranx dentex [38] and turbot Scophthalmus maximus [39] all concluded that EPA does not stimulate an improved growth response. However, larval and juvenile red seabream Pagrus major were found to have an EPA requirement with linear improvements in growth and survival observed [40, 41] . The results of the present study are consistent with the general consensus that size and species differences exist and that an appropriate balance between these essential fatty acids is probably more critical than their absolute inclusion [3] . Also in agreement with the present study, a range of larval and juvenile marine species such as Atlantic cod Gadus morhua [42] , gilthead sea bream [16, 43, 44] , Senegalese sole [45] and turbot [46] , were able tolerate a wide range of dietary ARA levels with growth and survival found to be independent of ARA inclusion. Recent studies have further demonstrated that balanced ARA and EPA levels in the diet are more critical than either of these individually in terms of growth and other metabolic processes [47] .
Consistent with recent studies on juvenile barramundi carried out under similar conditions, the diets in the present study were readily digested [28] . There was a significant reduction in total lipid digestibility in the fish fed the diets with the lowest levels of EPA and ARA compared to the control fish however this is likely to be caused by the unavoidable higher SFA content of those diets. Interestingly, the digestibility of the total SFA appears higher in those same treatments as the fish attempt to cope with the changed fatty acid composition. Despite this, the energy digestibility remained the same and confirms that there was no dramatic effects caused by the different dietary strategies. Many studies, including the present study, have demonstrated that the fatty acid composition of the tissues is representative of the profile of the fed diet [48] . However, the efficiency by which fatty acids are retained may represent a more metabolic or biological importance to the fish. The DHA retention of the fish in the present study fed increasing EPA did not change. However, the EPA and ARA retention were inversely related and responded in a curvilinear fashion. Although the effect was not dramatic, it indicated a point of sensitivity as EPA in the diet increased and the barramundi retained more of the endogenous ARA. Glencross and Rutherford [19] reported disproportionate EPA and ARA retention in barramundi; however this was likely an effect of the increasing DHA level in combination with either EPA or ARA. Atlantic salmon were also shown to conserve ARA [47] , whereas Senegalese sole attempted to synthesise ARA when dietary supply was limited [49] .
Past work in our laboratory has suggested that the marginal efficiency of LC-PUFA utilisation is low in growing barramundi, indicative of a higher turnover of these fatty acids relating to their biological importance [22] . The present study describes an assessment of the marginal efficiency of EPA and ARA on restrictively pair-fed barramundi, while simultaneously controlling for other LC-PUFA (rather than FO substitution). Under these experimental conditions, we report the maintenance requirement of ARA to be 0.012 g/kg LW
0.796
/day, with a marginal efficiency value of 91.9 %. Although the requirement was low, this potentially confirms that ARA is unusual in its characteristic metabolic requirement for this species compared to other LC-PUFA. EPA on the other hand is apparently not required for maintenance in juvenile barramundi, suggesting that their maintenance demands are easily met by endogenous reserves. The differences between the marginal efficiency values of these studies warrant further investigation. In addition, the EPA retention figures were modest with a calculated intake to gain ratio of 1.6:1, further supporting this concept. This is consistent with other studies on barramundi and red sea bream in that EPA is only modestly retained unless there is a gross imbalance of other LC-PUFA [19, 50] .
There is a very large body of research into the mechanisms of action of n-3 LC-PUFA on inflammatory pathways [51] . The data from the present study take the first steps in our understanding in barramundi by identifying the key eicosanoid pathway enzymes and quantifying their nutritional regulation. The current work verifies that barramundi possess two variants of the cyclooxygenase 1 enzyme (Lc COX1a, Lc COX1b), a single cyclooxygenase 2 (Lc COX2) and an arachidonate 5-lipoxygenase (Lc ALOX-5). The fish in the present study were not exposed to any form of physical or environmental stressors (apart from being in research aquaria) that could cause an inflammatory response and therefore the only trigger for a response is nutritional.
The present study demonstrated that either a high or low inclusion of EPA did not modify the expression of any eicosanoid pathway gene in either the liver or the kidney tissue. However, the only exception to this was the increased expression of Lc COX1b in the liver of the EPA 1 fed fish. Conversely, there was a significant downregulation of this gene in the kidney tissue of the ARA 1 fed Gene expression is normalised to the EF1α and Luc reference genes and expressed relative to the control fish. Data were analysed by students t test with significant differences defined as P < 0.05 fish. COX1 isoforms are widely distributed and generally constitutively expressed, however this homeostatic function is now considered to be an oversimplified view [5] . In agreement with the present study, there were non-significant (P = 0.06) yet quite measurable differences in COX1b expression in larval tongue sole (Cynoglossus semilaevis) fed increasing ARA [17] . Further supporting this notion, there was a nutritionally induced upregulation of COX1 and COX2 expression in rat mammary gland tissue by n-6 rich safflower oil [52] . The results of the present study confirm that the Lc COX1b gene in barramundi is inducible and the differences warrant further investigation into the potential for pathophysiological effects. Some explanation for these inconsistencies may be found in whole-body composition of wild barramundi collected from different environments [20, 53] . These authors found that Northern Australian barramundi, maintain a characteristically high ARA content regardless of their environment. Therefore, it is suggested that barramundi can modify the transcription of these genes depending on the potentially transient nature of dietary ARA supply. The EPA derived or anti-inflammatory eicosanoids are known to be correlated with changes in transcription of fatty acid synthesis and β-oxidation genes [34, 54] . However, the Lc CPT1a expression in the present study was not affected by the inclusion level of either EPA or ARA, with the exception of significant decrease in the kidney tissue of the ARA 1 fish. This may suggest that some other characteristic, perhaps of the fish oil base used in the control diet caused this response. Additionally, Lc ALOX-5 expression was upregulated in the liver tissue of the ARA 18 fish consistent with a modified metabolic function. In a recent study, changes in ALOX-5 were also observed in marine fish larvae in response to increasing dietary ARA [17] . In contrast to the present study, these authors reported improved growth of larvae, despite the potential for excessive generation of pro-inflammatory leukotrienes and lipoxins [1] .
Past studies have demonstrated that nutritionally inducible COX2 genes exist in several teleost species [17, 55, 56] . The role of Lc COX2 as an active and rapidly inducible gene has undoubtedly played a role in the modified metabolic function of the ARA fed fish during the present study. The Lc COX2 expression was significantly increased in both liver and kidney tissues suggesting that the highest inclusion of ARA was excessive or that the EPA to ARA ratio was unbalanced.
To coinclude, the present study supports that there is no phenotypic response by barramundi to the addition of either EPA or ARA to the diets. However, there are some metabolic changes to the retention and marginal utilisation efficiencies as a result of the diets. Increasing the dietary EPA or ARA level also modulated the expression of several eicosanoid metabolism and fatty acid oxidation genes. Further studies should focus on the most appropriate balance of dietary LC-PUFA in light of the current levels of fish oil substitution in aquafeeds. Further refinements could also be made to factorial growth and feed utilisation models for barramundi with respect to specific fatty acids and their marginal utilisation efficiencies.
